Introduction
ulmonary edema, accumulation of fluid in the lungs is often measured and analyzed after medical and surgical procedures, since pulmonary edema is commonly linked to cases of congestive heart failure (CHF) and kidney failures. Like pulmonary edema, hemodynamic assessments do not occur until after an acute cardiac episode. Early detection of pulmonary edema and routine monitoring of cardiac functions such as cardiac output (CO) -the product of stroke volume and heart rate, would be beneficial for surgical patients as well as others suffering from acute cardiac and pulmonary illnesses. Available diagnostic tools such as the Pulmonary Artery Catheterization are invasive and diagnostic techniques such as Magnetic Resonance Imaging (MRI) or Computerized Active Tomography (CAT) Scans are expensive, cumbersome, and not suitable for continuous monitoring. In addition, techniques such as the double indicator dilution method, the electrical impedance plethysmography, and the re-breathing method are impractical for clinical use because of limitations on sensitivity, consistency, and simplicity [1] . To overcome difficulties with above conventional techniques, an electromagnetic (EM) method has been investigated for this application. Specifically, an EM energy coupler and the associated measurement method have been developed to simultaneously measure breathing rate in addition to the changes in lung water content [2, 3] . Specifically, a two-port EM sensor has been developed for animal and phantom experiments [3] [4] [5] . In these phantom and animal experiments it is shown that variation of lung water contents and breathing rate can clearly be monitored by the proposed technique.
In this paper we describe several new developments aimed at the future clinic implementation of this microwave technique. Specifically, the RF bio-effects safety aspect of the EM energy coupler has been evaluated by measuring the Specific Absorption Rate (SAR) using an automated near-field scanning system called DASY4, which is frequently used in evaluating radiation from cell phones. Results from these measurements will be presented and guidelines for the magnitude of the input power that can be clinically used in human trials will be discussed. In addition, a wavelet based DSP approach for using the developed method for extracting several human vital signs including cardiac output, stroke volume, and respiration together with the lung water content measurement is described. Results from several wavelet simulations will be presented and future clinical plans will be discussed.
Preliminary Experiments
Preliminary simulation experiments have been conducted to verify the concepts of the EM coupler monitoring technique. The measurement setup is illustrated in Figure 1 . In these experiments, sponges were used to simulate lung tissue and water was injected into the sponge to simulate increment of lung water content. Water was added to the sponges in 2 cm 3 increments every 1.5 minutes. A balloon was inserted between sponges and periodically filled and released with air to simulate a breathing cycle of 11 to 12 seconds. A phantom human equivalent skin and muscle tissue were developed to improve impedance matching with the EM coupler. The phantom material used for the muscle P U.S. Government work not protected by U.S. copyright tissue consisted of TX-151, NaCl, and water and mixed to match the FCC standard for conductivity σ (S/m), and permittivity ε r of a muscle tissue at 915 MHz [6] . Figure  1b shows the fabricated phantom skin and EM couplers used in this experiment. An impedance of 49.68Ω was measured when the EM coupler was coupled to the phantom tissue. Figure  2a plots the change in the phase of the transmitted microwave signal due to breathing and accumulation of liquid in time domain. The first segment of the signal serves as the baseline to illustrate the absence of breathing and change in liquid content. The breathing cycle was initiated in the second segment. The accumulation of water in conjunction with periodic breathing is simulated in the third segment. Three breathing cycles were averaged and subtracted from the original signal to remove the DC term. Applying FFT on the remaining signal in MatLab, the energy of the transformed signal is concentrated at 0.09 Hz, which corresponds to the simulated breathing cycle as shown in Figure 2b . This experiment reasonably verified that the EM energy coupler technique could clearly monitor lung water and breathing rate.
Wavelet Based Signal Extraction Method for Vital Signs Monitoring
The initial animal experiments have demonstrated that the detected phase data is actually a composite of the heart rate, respiration, lung water, and stroke volume information. Since some of these signals have very small amplitudes (about 30 dB lower) compared to some other components, e.g. the lung water, extraction of these information signals through traditional Fourier processing is infeasible.
To overcome this problem, a two-tiered wavelet based approach is applied to the simulated signal. First, the composite signal is divided into its sub bands by the Daubechies wavelet transform [7] . Then a peak detection algorithm that is based on the wavelet transform modulus maxima method [8] is applied to estimate the dominant frequency in each sub band. By comparing the sub band magnitudes, the parameters of the heart, respiration, and lung water signals can be estimated accurately as shown in Figure 3 . The inaccuracy for the heart signal results from the relatively low sampling rate (500 Hz) assumed in generating the input signal. 
SAR Compliance Evaluation
The RF bio-effects safety aspect of these measurements has been evaluated in accordance to the FCC SAR Evaluation guideline [9] for body worn transmitting devices. An automated near-field scanning system called DASY4 system (SPEAGZurich, Switzerland) at Kyocera Wireless Labs in San Diego, CA., was used to perform the SAR measurements. Setup of the SAR measurements is illustrated in Figure 4 . The plastic container that holds the phantom human tissue simulating liquid has different dielectric properties from human skin and muscle tissue. Thus, two EM couplers were developed and designed to have 50Ω impedance when coupled to the plastic container rather than when coupled to the body. SAR measurement for the EM couplers used in the experiments (Fig. 2b) included a thin layer (approx. 1mm) of phantom human tissue placed between the coupler and the plastic container for impedance matching. In addition, two sizes of the EM coupler were used in the experiments, a full size one and a scaled down (75% of original size) to study the effects of reducing the EM coupler's size on the resulting SAR values. SAR measurement results are summarized in Table 1 . The reflection coefficients (S11) of the EM couplers in all cases are all below -10 dB, which means that the impedance was well matched. Moreover, it is shown that with an operational power of 30 mW and operating frequency of 915 MHz, the highest measured SAR level (1g Av.) for the microwave coupler is 0.475 (W/kg), which is 1/3 lower than the FCC SAR limit set at 1.6 (W/kg). This power level is about 15 dBm, which is much more than the power needed in making the microwave measurements.
Conclusion
The EM couplers for lung water measurement were developed and used to study the feasibility of using microwaves at 915 MHz for measuring vital signs in Human. Experimental data as well as preliminary simulation results based on Wavelet DSP Figure 4 . SAR measurement setup using a DASY4 system with the EM couplers attached to the middle section of the container.
processing of received transmission coefficient signals show that the proposed microwave technique together with the developed EM coupler could be used to measure not only water lung contents, but also other vital signs such as breathing, cardiac output, and stroke volume in human. To help with future plans for use in clinical trials, SAR measurements were conducted to evaluate the RF bio-effects safety aspect and provide guidelines for the magnitude of the input power that can be used in these measurements. All of the designed six EM couplers tested had shown SAR values that are far less than the FCC enforced safety limit. Initial results from the DSP wavelet based simulations are also encouraging and suggest the possible extraction of human vital signs from these microwave measurements. Based on results from this work, we have applied for permission to conduct human clinical trials and are waiting for the approval. 
